Glutamatergic Drosophila neuromuscular junctions contain two spatially, biophysically, and pharmacologically distinct subtypes of postsynaptic glutamate receptor (GluR). These receptor subtypes appear to be molecularly identical except that A receptors contain the subunit GluRIIA (but not GluRIIB), and B receptors contain the subunit GluRIIB (but not GluRIIA). A-and B-type receptors are coexpressed in the same cells, in which they form homotypic clusters. During development, A-and B-type receptors can be differentially regulated. The mechanisms that allow differential segregation and regulation of A-and B-type receptors are unknown. Presumably, Aand B-type receptors are differentially anchored to the membrane cytoskeleton, but essentially nothing is known about how Drosophila glutamate receptors are localized or anchored. We identified coracle, a homolog of mammalian brain 4.1 proteins, in yeast two-hybrid and genetic screens for proteins that interact with and localize Drosophila glutamate receptors. Coracle interacts with the C terminus of GluRIIA but not GluRIIB. To test whether coracle is required for glutamate receptor localization, we immunocytochemically and electrophysiologically examined receptors in coracle mutants. In coracle mutants, synaptic A-type receptors are lost, but there is no detectable change in B-type receptor function or localization. Pharmacological disruption of postsynaptic actin phenocopies the coracle mutants, suggesting that A-type receptors are anchored to the actin cytoskeleton via coracle, whereas B-type receptors are anchored at the synapse by another (yet unknown) mechanism.
Introduction
Most excitatory synaptic transmission in mammalian brains is mediated by ionotropic glutamate receptors (GluRs). The processes controlling glutamate receptor expression, localization, and stabilization are subjects of intense study (Monaghan and Wenthold, 1997; Bolton et al., 2000; De La Rue and Henley, 2002) . However, these processes remain incompletely understood.
The Drosophila genome encodes 21 putative ionotropic glutamate receptor subunits, including homologs of mammalian NMDA, AMPA, kainate, and ␦ receptor subunits (Sprengel et al., 2001) . Five subunits, called GluRIIA, GluRIIB, GluRIIC (also known as GluRIII), GluRIID, and GluRIIE, are postsynaptically expressed in the glutamatergic neuromuscular junction (NMJ) (Qin et al., 2005) . Genetic and physiological analyses suggest that these five subunits combine to form two distinct glutamate receptor subtypes: A receptors and B receptors Chen and Featherstone, 2005; Featherstone et al., 2005; Qin et al., 2005) . A and B receptors are thought to be molecularly identical except for one subunit: A-type receptors contain the subunit Glu-RIIA but not GluRIIB. B-type receptors contain the subunit Glu-RIIB but not GluRIIA. In addition to either GluRIIA or GluRIIB, all postsynaptic fly NMJ glutamate receptors contain GluRIIC, GluRIID, and GluRIIE. A-and B-type receptors have functional differences (DiAntonio et al., 1999) and are spatially segregated as homotypic clusters Chen and Featherstone, 2005) . Presumably, A and B receptors differentially associate with membrane-associated proteins and/or cytoskeletal components, but this has never been tested because the molecular mechanisms that localize and anchor Drosophila glutamate receptors are almost completely unknown. To elucidate these mechanisms, we are conducting separate yeast two-hybrid and genetic screens for proteins that interact with and localize NMJ glutamate receptors. These screens independently identified the Drosophila 4.1 protein coracle.
Mammalian glutamate receptor subunits have been shown to interact with 4.1 proteins, and this interaction is thought to be important for trafficking and/or localization of receptors to synaptic membrane (Shen et al., 2000; Baines et al., 2001; Coleman et al., 2003) . However, this requirement has yet to be demonstrated in vivo, and it is not clear which mammalian receptor subtypes rely on this mechanism. 4.1 proteins were first identified in erythrocytes, in which they link transmembrane proteins to the spectrin-actin cytoskeleton. Actin is abundant postsynaptically and has been proposed to anchor glutamate receptors (Shirao and Sekino, 2001; Aarts and Tymianski, 2004) . Pharmacological disruption of actin in cultured mammalian neurons disrupts NMDA receptor currents (Rosenmund and Westbrook, 1993) , but it is unclear whether actin is required for localization or stabilization of other glutamate receptor subtypes. A requirement for spectrin in mammalian glutamate receptor localization has never been shown. In Drosophila, elimination of ␣ or ␤ spectrin causes mislocalization of several synaptic proteins but no electrophysiologically detectable change in postsynaptic glutamate receptors (Featherstone et al., 2001) . The question of whether or not postsynaptic actin is required for Drosophila NMJ function has never been addressed.
Here, we show that Drosophila A-type receptors, but not B-type receptors, are anchored to the postsynaptic actin cytoskeleton via subunit-dependent interactions with the 4.1 protein coracle. (Petersen et al., 1997; . cora[k08713] mutants were obtained from the Bloomington Stock Center (Indiana University, Bloomington, IN). Df(2R)BSC26 is a deletion of the coracle gene derived from imprecise excision of cora[k08713] (Parks et al., 2004) . The null mutant cora [5] was a gift from Dr. Richard Fehon (University of Chicago, Chicago, IL) and has been described previously (Ward et al., 1998) . Homozygous mutant embryos were identified through the use of an appropriate balancer chromosome expressing green fluorescent protein.
Materials and Methods

Genetics
Immunocytochemistry. Embryos and larvae were dissected and stained as described previously (Featherstone et al., 2002; Chen and Featherstone, 2005) . When antibodies against either GluRIIA or GluRIIB were used, preparations were fixed for 30 min in Bouin's fixative. Otherwise, fixations were 30 min in 4% paraformaldehyde. Monoclonal mouse hybridoma cell antibodies against GluRIIA (8B4D2, used at 1:100) were obtained from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). Rabbit polyclonal GluRIIB antibodies were gifts from Dr. Aaron DiAntonio (Washington University, St. Louis, MO) and used at 1:2000. The mouse polyclonal coracle antibody A0784 was obtained from the Center for Biomedical Inventions (CBI) Antibody Core Facility (University of Texas Southwestern Medical Center, Dallas, TX) and used at 1:500. The mouse monoclonal coracle antibody 9C (Fehon et al., 1994 ) was a gift from Dr. Richard Fehon. All primary antibodies were visualized using fluorescently conjugated [fluorescein, rhodamine, or cyanine 5 (Cy5)] secondary antibodies (Jackson ImmunoResearch, West Grove, PA) generated against the appropriate species (mouse or rabbit) and viewed using an Olympus Optical (Tokyo, Japan) FV-500 laser-scanning confocal microscope. Presynaptic terminals were visualized using fluorescently conjugated anti-HRP antibodies (Jackson ImmunoResearch) directly conjugated to FITC, tetramethylrhodamine isothiocyanate, or Cy5. Actin was visualized using rhodamine-conjugated phalloidin (Molecular Probes, Eugene, OR). All measurements were performed on the ventral longitudinal muscle 6/7 NMJ.
Electrophysiology. All electrophysiology was performed on ventral longitudinal muscle 6. These whole-cell patch-clamp measurements were performed as described previously (Featherstone et al., 2001 (Featherstone et al., , 2002 Chen and Featherstone, 2005) . Briefly, temporally and morphologically staged embryos or first-instar larvae were manually dissected, and then muscles were treated for 60 -90 s with 1 mg/ml collagenase type IV (SigmaAldrich, St. Louis, MO) to aid seal formation. Muscle 6 was whole-cell patch clamped (Ϫ60 mV) in standard Drosophila saline using standard patch-clamp techniques. Data were acquired and subsequently analyzed using an Axopatch 1D amplifier and pClamp 9 (Axon Instruments, Union City, CA).
Yeast two-hybrid experiments. Two-hybrid experiments were performed using the Clontech (Cambridge, UK) Matchmaker system. In the original screen, a Drosophila embryo Matchmaker cDNA Library (Clontech) was screened using GluRIIA C-terminal region. Positive clones isolated from this screening were sequenced using the standard Clontech primers. The sequence corresponding to one clone contained the last 926 base pairs of coracle-RA cDNA; this clone was named "Coracle C-term." To analyze the interaction between Coracle C-term and the glutamate receptors, sequential transformations in AH109 yeast strain were performed using GluRIIA, GluRIIB, GluRIIC, GluRIID, and GluRIIE C terminal as bait and pACT2-Coracle C-term as prey. The protein interaction was analyzed in media lacking histidine, adenine, leucine, and tryptophane (ϪHALT medium), as well as in medium lacking tryptophane and leucine containing 〉-galactosidase. In all of the experiments, pGBKT7-p53 and pGADT7-T antigen cotransformation was used as positive control. The negative controls included were the cotransformation of pACT2-Coracle C-term with the empty plasmid pGBKT7 or with pGBKT7-laminin and the cotransformation of pGADT7 empty plasmid with the plasmids containing the different glutamate receptor C-terms. Glutamate receptor C-terminal regions were obtained by PCR and clone in pGBKT7 (Clontech) between EcoR1 and XhoI sites. Only in the case of GluRIIE, the amplified fragment was cloned between SmaI and XhoI sites. The primers used to amplified the glutamate receptors were as follows: GluRIIA C-term, 5Ј-gagctcgagttcctgtggaacgtgcag-3Ј, 5Ј-ctcgaattcctagctaaccgtcttgctgcg3Ј; GluRIIB C-term, 5Ј-gagctcgagtttttgtggcacgtccag-3Ј, 5Ј-ctcgaattcctacttttcaattcgcctggt-3Ј; GluRIIC C-term, 5Ј-gagctcgagtttttggtctacgtgcagc-3Ј, 5Ј-ctcgaattcttagacccttgcctccttttc-3Ј; GluRIID C-term, 5Ј-gcgacccgggatgttggtgctactttgtctacaagaaag-3Ј, 5Ј-gctcctcgagttaatcctcaaccggcatattttcct-3Ј; and GluRIIE C-term, 5Ј-gcgagaattcagctgggttttgttcgtaatgaagaaagc-3Ј, 5Ј-gctcctcgagctactgcgattcctgggccacagaag-3Ј.
Pharmacology. Pharmacological disruption of postsynaptic actin was performed by adding 25 M latrunculin A or 25 M cofilin (Molecular Probes) to the solution in the patch pipette. For imaging, latrunculin was added to the dissected preparation for 10 min; the preparation was then fixed. For control experiments (on either control or coracle mutant animals), the same period of time normally taken for drug treatment was allowed to elapse before electrophysiological recording or fixing of the preparation.
Statistics. Statistical significance in figures is represented as follows: *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. Unless otherwise specified, n refers to the number of different animals examined, and all statistical comparisons were made using unpaired t tests or (in the case of distributions) Kolmogorov-Smirnov tests. All error bars represent SEM.
Results
The localization and segregation of Drosophila NMJ A-and B-type receptors is likely to be mediated by interactions between specific receptor subunit intracellular regions and other proteins. In mammals, the intracellular C termini of glutamate receptor subunits have been shown to be important for interactions with other postsynaptic density (PSD) proteins. To find proteins required for A-type receptor localization, we used the GluRIIA C terminus as bait in a yeast two-hybrid screen of a Drosophila embryonic cDNA library (Clontech). This screen recovered a C-terminal fragment of coracle. Coracle is thought to be the only 4.1 protein encoded by the Drosophila genome. However, this presupposes no subsequent discovery of any Drosophila 4.1 homologs after completion and reannotation of the fly genome. Mammalian genomes encode four major 4.1 proteins, known as 4.1R, 4.1G, 4.1N, and 4.1B. 4.1N is most abundant postsynaptically in hippocampal neurons (Shen et al., 2000) , and 4.1R is most abundant in cerebellar granule cell PSDs (Ohara et al., 2000) . 4.1R is also present in PSD extracts . 4.1G is primarily non-neuronal (Ohara et al., 2000) . To confirm that coracle represents the sole fly homolog of all of these 4.1 subtypes, we performed searches with the basic local alignment search tool BLASTP using mouse 4.1R, 4.1G, 4.1N, and 4.1B amino acid sequences using the most recently annotated version of the Drosophila genome (release 4.1) and confirmed that coracle is the closest fly homolog to all of these mammalian proteins.
To confirm the interaction between coracle and GluRIIA and determine whether coracle might interact with other receptor subunits, we tested for an interaction between the 91 amino acid C terminus of coracle (which contains the 4.1 C-terminal domain) (Fig. 1 A) and the C termini of each of the five glutamate receptor subunits expressed in Drosophila embryonic/larval body wall muscle: GluRIIA, GluRIIB, GluRIIC, GluRIID, and GluRIIE. As shown in Figure 1 B, we observed a strong direct interaction between coracle and GluRIIA, with weaker interactions between coracle and GluRIIC, and coracle and GluRIID. No interaction was observed between coracle and GluRIIB. These results are summarized in Figure 1C .
Independently, we identified coracle mutants in a forward genetic screen for P-element mutants showing disruptions in A-type receptor expression and localization visible by confocal microscopy. P{w [ϩmC] ϭlacW}cora[k08713] is a publicly available P-element insertion mutant generated by the ongoing Berkeley Drosophila Gene Disruption Project (Bellen et al., 2004) . In these cora[k08713] mutants, a P-element is inserted into the second intron of the coracle gene (Fig. 2 A) . As we show below (Figs. 2 B, 3H ), several lines of evidence suggest that this P-element insertion specifically disrupts coracle expression: (1) (Fig. 3H ) . Together, the genetic, immunocytochemical, and electrophysiological data (see below) show that homozygous cora[k08713] mutants behave genetically as zygotic null alleles. However, because there appears to be some maternal contribution, embryonic cora[k08713] mutants are probably most accurately functionally described as strong protein hypomorphs.
These yeast two-hybrid and genetic screen results suggest that coracle may be required for localization of A-type glutamate receptors at the Drosophila NMJ. If this is true, coracle must be present at the NMJ. However, the neuromuscular expression distribution of coracle has never been described. To determine whether coracle is at the NMJ, we examined coracle protein expression using two different antibodies. The first antibody was a previously undescribed mouse polyclonal antibody (A0784) generated by the University of Texas Southwestern Medical Center CBI Antibody Core against a recombinant peptide matching coracle amino acids 1185-1284. The second antibody (9C) has been described previously (Fehon et al., 1994) . Both antibodies gave essentially identical expression. As reported previously, coracle is expressed in a variety of tissues. However, we were specifically interested in whether coracle was present in embryonic/L1 NMJs, for two reasons: (1) we are interested in determining whether coracle localizes/segregates embryonic/larval NMJ [k08713] , in the 5Ј end of the second intron, is indicated by the red arrowhead. An insertion at this position is predicted to affect all isoforms equally. B, Embryonic NMJs on ventral longitudinal muscles 6/7 stained using anti-HRP antibodies (which recognize neuronal membrane, green) and A0784 anti-coracle antibodies (red). As shown in the figure, coracle is distributed throughout the muscle membrane, but immunoreactivity is enriched postsynaptically. In homozygous cora[k08713] mutants, presynaptic morphology is normal but coracle immunoreactivity is greatly reduced. 9C anti-coracle antibodies (Fehon et al., 1994) give virtually identical staining (data not shown).
glutamate receptors, and (2) because coracle mutants are embryonic/first-instar lethal, and therefore all experiments on coracle mutants have to be performed at this stage or earlier. In the embryonic neuromusculature, coracle immunoreactivity is distributed throughout body wall muscles but is particularly dense in the NMJ (Fig. 2 B) . This is consistent with the known role of coracle in other Drosophila cell junctions and with the fact that 4.1 proteins are found in mammalian glutamatergic PSDs. Coracle immunoreactivity is also present in third-instar NMJs, in which coracle appears prominent in NMJ-associated tissues that likely represent glia (supplemental data, available at www.jneurosci.org as supplemental material). In homozygous cora[k08713] mutants (see below), neuromuscular immunoreactivity is dramatically reduced, although not completely eliminated (Fig. 2B) .
The presence of coracle in the NMJ, along with the interactions between coracle and glutamate receptor subunits, suggests that coracle might be important for localization of NMJ glutamate receptors. If this is true, then glutamate receptors should be lost from the NMJ in coracle mutants. The most direct way of measuring the number of functional glutamate receptors is by pressure ejection of glutamate. To test whether the number of functional NMJ glutamate receptors is reduced in coracle mutants, we pressure ejected 1 mM glutamate onto patch-clamped (Ϫ60 mV) postsynaptic ventral longitudinal muscle 6 in control and coracle mutant embryos. The results are shown in Figure 3 , A and B. In control muscles, pressure ejection of glutamate triggers a current that is 1858 Ϯ 222 pA (n ϭ 13 animals). In homozygous cora[k08713] mutants, the glutamate-gated current amplitude is reduced to approximately one-half of the normal level: 979 Ϯ 167 pA (n ϭ 12; p ϭ 0.004).
Our pressure ejection results suggest that the total number of functional receptors in coracle mutants is reduced. However, pressure ejection activates all functional surface receptors and thus assays both synaptic and extrasynaptic receptors. This may underestimate a reduction in receptors localized specifically to synapses. Spontaneous excitatory junction currents (sEJCs), by definition, represent activation of synaptic receptors. To determine whether coracle mutants have a reduced number of functional glutamate receptors localized specifically to synapses, we measured sEJC amplitudes (Fig. 3C-E) . In control animals, the average sEJC amplitude was 154 Ϯ 18 pA (n ϭ 10). In homozygous cora[k08713] mutants, sEJC amplitude was reduced to 80 Ϯ 16 pA (n ϭ 9; p ϭ 0.008). The reduction in sEJC amplitude, to ϳ50% normal, is very similar to the reduction in glutamate-gated current amplitude (Fig. 3 A, B) . This suggests that glutamate receptors in coracle mutants are not dispersed from the PSD throughout the membrane, in which they would be activated by pressure ejection of glutamate. sEJC frequency was reduced, but not significantly, in cora[k08713] mutants (control sEJC frequency, 12.6 Ϯ 1.1 Hz, n ϭ 10; cora[k08713] frequency, 9.1 Ϯ 2.1 Hz, n ϭ 9; p ϭ 0.17). sEJC decay time was significantly reduced in coracle mutants (control sEJC decay time, 3.35 Ϯ 0.06 ms, n ϭ 10; cora[k08713] decay time, 1.66 Ϯ 0.02 ms, n ϭ 9; p Ͻ 0.0001). This latter change is consistent with a specific loss of A-type receptors, which have increased single-channel open times compared with B-type receptors (DiAntonio et al., 1999 ) (see below).
It is important to note that reductions in sEJC amplitude and glutamate-gated current could be explained not only by loss of functional receptors but by a change in the biophysical properties of individual receptors such that average single-channel conductance is decreased. As described previously (Nishikawa and Kidokoro, 1995; Featherstone et al., 2000 Featherstone et al., , 2002 Featherstone et al., , 2005 Chen and Featherstone, 2005) , the single-channel amplitude of synaptic glutamate receptors in embryonic Drosophila muscles are measurable from delayed receptor closings observable on some sEJCs (Fig. 2G) . In both control and cora[k08713] mutants, the single glutamate receptor channel amplitude was similar (Fig. 2 F, G) . Specifically, control single receptor amplitudes were 12.0 Ϯ 0.4 pA (n ϭ 90 events from 10 animals). cora[k08713] mutant single receptor amplitudes were 13.2 Ϯ 0.4 pA (n ϭ 57 events from 9 animals). These data, in combination with the pressure ejection and sEJC measurements, suggest a loss of approximately one-half of all functional postsynaptic glutamate receptors in coracle mutants. In Figure 2 H, we show data confirming that this phenotype is shared by other coracle alleles.
To confirm the loss of postsynaptic glutamate receptors in coracle mutants, we performed immunocytochemical experi- ments on the same synapses examined electrophysiologically (embryonic muscle 6 NMJs). A-type receptors were visualized using an antibody specific for the subunit GluRIIA. B-type receptors were visualized using an antibody specific for the subunit GluRIIB. As shown in Figure 4 and as described previously (Featherstone et al., 2002 Chen and Featherstone, 2005) , clusters of A-and B-type glutamate receptors in control Drosophila embryonic muscles are detectable as immunoreactive puncta. To quantify changes in the number of postsynaptic glutamate receptors, we measured the area of individual puncta. Cluster size measurements (compared with fluorescence intensity measurements) avoid a requirement for fluorescence intensity calibration or problems associated with potential differences in background immunofluorescence between genotypes. Assuming constant receptor density, cluster size also has the advantage of being directly proportional to the number of clustered receptors. Indeed, immunoreactive cluster sizes correlate well with high-resolution patch-clamp electrophysiological measurements between genotypes (Featherstone et al., 2002; Chen and Featherstone, 2005) and throughout embryonic/larval NMJ development (D. E.
Featherstone, unpublished observations).
In homozygous cora[k08713] mutants, the average cluster size of A-type glutamate receptors is reduced to approximately onehalf of normal (Fig. 4 A, C,E) (control Glu-RIIA cluster size, 0.68 Ϯ 0.46 m 2 , n ϭ 170 clusters from 11 animals; cora[k08713] GluRIIA cluster size, 0.37 Ϯ 0.18 m 2 , n ϭ 183 clusters from 11 animals; p Ͻ 0.0001). The cluster size of B-type glutamate receptors, however, was not reduced in coracle mutants compared with controls (Fig.  4 B, D,E) (control GluRIIB cluster size, 0.58 Ϯ 0.03 m 2 , n ϭ 192 clusters from 9 animals; cora[k08713] GluRIIB cluster size, 0.66 Ϯ 0.04 m 2 , n ϭ 141 clusters from 9 animals; p ϭ 0.12). This suggests that coracle mutant NMJs contain fewer A-type receptors but that the number of B-type receptors is unchanged.
4.1 protein is thought to localize and anchor membrane proteins via interactions with the actin cytoskeleton, spectrin cytoskeleton, or both actin and spectrin simultaneously. ␣ and ␤ spectrins are expressed in the Drosophila neuromusculature and abundant at embryonic/larval NMJs (Featherstone et al., 2001) . However, we can rule out the possibility that coracle anchors NMJ glutamate receptors to the spectrin cytoskeleton because NMJ glutamate receptor function is normal in Drosophila ␣ and ␤ spectrin mutants (Featherstone et al., 2001) . It has never been tested whether actin plays a role in localization of Drosophila glutamate receptors.
If actin plays a role in localization or stabilization of postsynaptic glutamate receptors, then actin might be enriched postsynaptically. F-actin can be visualized using fluorescently conjugated actinbinding toxin phalloidin. A difficulty with visualizing postsynaptic actin in the Drosophila NMJ, however, is that actin is part of the contractile cytoskeleton and, therefore, actin is abundant throughout the muscle cell. As a result, phalloidin staining is very strong and widespread throughout the postsynaptic muscle cell. However, using careful confocal sectioning, we observed a previously undescribed phalloidinsensitive "halo" of postsynaptic actin surrounding presynaptic boutons in the Drosophila NMJ (Fig. 5A-E) . This halo suggests that Drosophila NMJs contain a previously unrecognized specialized postsynaptic actin-based cytoskeleton. Drosophila embryonic/L1 NMJs do not contain postsynaptic protrusions comparable with spines. To test whether postsynaptic actin is required for localization of NMJ glutamate receptors, we needed to examine receptors after disruption of the postsynaptic actin cytoskeleton.
Actin is critical for many aspects of embryonic development; therefore, we cannot genetically eliminate actin and study the effect on NMJ function. Actin, however, can be acutely disrupted pharmacologically (Fig. 5F-I ). To pharmacologically disrupt postsynaptic actin, we delivered 25 M of either latrunculin A (which inhibits actin polymerization by binding to G-actin) or Chen and Featherstone, 2005) in presynaptic terminals (labeled with anti-HRP, green). In cora [k08713] , GluRIIA puncta are still present but are smaller and fewer in number. B, GluRIIB immunoreactivity (red), like GluRIIB immunoreactivity, is punctate. Each GluRIIB punctum represents a cluster of B-type glutamate receptors in a PSD opposite a presynaptic active zone Chen and Featherstone, 2005 cofilin (which depolymerizes actin filaments) directly to the postsynaptic muscle cell via a patch pipette and electrophysiologically measured the number of synaptic glutamate receptors. Drug delivery via postsynaptic patch pipette has the advantage of avoiding/minimizing disruption of presynaptic actin, which is known to play important roles in synaptic function (Doussau and Augustine, 2000; Kuromi and Kidokoro, 2003) . After gaining wholecell access (and thus delivering the actin inhibitors), sEJC amplitudes decreased within minutes, suggesting that actin is critical for maintenance of synaptic receptor function and that this actin is highly dynamic (and thus dependent on free G-actin pools sequestered by latrunculin). In control animals, mean sEJC amplitude decreased from 154 Ϯ 18 pA (n ϭ 10) to 99 Ϯ 13 pA (n ϭ 11; p ϭ 0.02) after postsynaptic delivery of latrunculin A (Fig.  5 F, G) . In cora[k08713] mutants, latrunculin A had no effect (Fig. 5 F, G) (cora[k08713] sEJC amplitude, 80 Ϯ 16 pA, n ϭ 9; cora[k08713] plus latrunculin A, 86 Ϯ 17 pA, n ϭ 12; p ϭ 0.82). Similar results were obtained using cofilin in the patch pipette (Fig. 5H-I ). Control sEJC amplitudes were 154 Ϯ 18 pA (n ϭ 10) but reduced to 100 Ϯ 11 pA (n ϭ 8) after cofilin treatment ( p ϭ 0.03). In cora[k08713] mutants, cofilin had no effect (cora[k08713] sEJC amplitude, 80 Ϯ 16 pA, n ϭ 9; cora[k08713] plus cofilin, 92 Ϯ 19 pA, n ϭ 6; p ϭ 0.64). These results suggest that dynamic filamentous actin is required for maintenance of postsynaptic function, but that this requirement is eliminated in coracle mutants.
If coracle anchors A-type receptors via interactions with the postsynaptic actin cytoskeleton, then disruption of actin should phenocopy coracle mutants. To test whether pharmacological disruption of actin specifically results in loss of GluRIIAcontaining A-type receptors, we performed immunocytochemical experiments similar to those described for Figure 4 . The results of these experiments are shown in Figure 6 . After 10 min treatment with 25 M latrunculin, the size of A-type receptor clusters in control animals was reduced from 0.64 Ϯ 0.08 m 2 (n ϭ 49 clusters from 5 animals) to 0.28 Ϯ 0.04 m 2 (n ϭ 20 clusters from 5 animals) (Fig. 6 A-C) ( p ϭ 0.01). In cora[k08713] mutants, latrunculin A had no effect on GluRIIA cluster size (Fig.  6 D-F ) (cora[k08713] cluster size, 0.38 Ϯ 0.3 m 2 , n ϭ 66 clusters from 7 animals; cora[k08713] plus latrunculin A, 0.30 Ϯ 0.02 m 2 , n ϭ 33 clusters from 6 animals; p ϭ 0.09).
In contrast, the size of B-type receptor clusters was not affected by latrunculin A in either controls or cora[k08713] mutants (Fig. 6G-L) . Control GluRIIB cluster size was 0.62 Ϯ 0.3 m 2 (n ϭ 121 clusters from 8 animals) without latrunculin A treatment and 0.56 Ϯ 0.02 m 2 (n ϭ 159 clusters in 9 animals) after latrunculin A treatment (Fig. 6G-I ) ( p ϭ 0.21) . GluRIIB cluster sizes in cora[k08713] mutants were 0.67 Ϯ 0.02 m 2 (n ϭ 214 clusters from 9 animals) without latrunculin A treatment and 0.62 Ϯ 0.02 m 2 (n ϭ 232 clusters from 10 animals) after latrunculin A treatment (Fig. 6 J-L) ( p ϭ 0.12). Coracle immunoreactivity in third-instar NMJs was not obviously altered by latrunculin treatment (supplemental data, available at www.jneurosci. org as supplemental material).
If actin is required for localization and/or stabilization of only A-type receptors, then latrunculin A should have no effect in the absence of A-type receptors. A-and B-type glutamate receptors are differentiated by subunit composition; A-type receptors contain the subunit GluRIIA (but not GluRIIB), whereas B-type receptors contain the subunit GluRIIB (but not GluRIIA). Deletion of the gene encoding GluRIIA does not cause lethality but eliminates A-type receptors in the NMJ. GluRIIA[AD9] mutants contain a deletion that specifically removes the GluRIIA gene (Petersen et al., 1997; Figure 7 , latrunculin A in GluRIIA[AD9] mutants had no effect on receptor cluster size Figure 5 . Drosophila glutamatergic NMJs contain postsynaptic actin cytoskeleton, and pharmacological disruption of this actin cytoskeleton impairs NMJ function. A, Presynaptic NMJ terminals are visualized using anti-HRP antibodies (green). B, Rhodamineconjugated phalloidin reactivity (red) is strong throughout the postsynaptic muscle cell but enriched in the postsynaptic areas surrounding and underneath presynaptic terminals. C, Merge of anti-HRP and phalloidin reactivity. Note that a dense ring of phalloidin reactivity appears to surround the presynaptic terminal. This is more apparent in the higher-magnification images in D (HRP plus phalloidin) and E (phalloidin alone). F, sEJC amplitudes, measured as in Figure 3 , are reduced in control animals when latrunculin A is delivered to the interior of the postsynaptic muscle cell via patch pipette. Latrunculin A has no effect in cora[k08713] mutants. Similar results are obtained using cofilin, as shown in H. G, Cumulative frequency histogram of sEJC amplitudes from control and coracle mutants with and without latrunculin treatment. H, sEJC amplitudes in control animals are reduced when cofilin is delivered to the interior of the postsynaptic cell via patch pipette, but cofilin has no effect in cora [k08713] mutants. I, Cumulative frequency histogram of sEJC amplitudes from control and coracle mutants with and without cofilin treatment.
( Fig. 7 B, C) or sEJC amplitude (Fig. 7 D, E 
Discussion
We have described, for the first time, the presence of postsynaptic coracle and actin in the glutamatergic Drosophila NMJ and tested for the first time whether they are required for formation and maintenance of postsynaptic glutamate receptor clusters in vivo. We found that coracle and actin are required for proper clustering and stabilization of A-type glutamate receptors (which contain the subunits GluRIIA, GluRIIC, GluRIID, and GluRIIE) but not B-type glutamate receptors (which contain the subunits GluRIIB, GluRIIC, Glu-RIID, and GluRIIE). Our proposed model for stabilization of A-type receptors in the Drosophila NMJ is depicted in Figure 8 . This mechanism for glutamate receptor anchoring is likely to be conserved; 4.1 protein and actin have also been implicated in mammalian glutamate receptor localization (Rosenmund and Westbrook, 1993; Shen et al., 2000; Baines et al., 2001; Shirao and Sekino, 2001; Coleman et al., 2003; Aarts and Tymianski, 2004) .
Part of the evidence supporting our model is derived from yeast two-hybrid experiments. Yeast two-hybrid experiments showed that the C terminus of Glu-RIIA, but not GluRIIB, interacts strongly with the 4.1 C-terminal domain of coracle. However, the C termini of GluRIIC and GluRIID also interacted with coracle, although less strongly. Because GluRIIC and GluRIID are shared by A-and B-type receptors Featherstone et al., 2005; Qin et al., 2005) , interactions between coracle and GluRIIC and Glu-RIID must be relatively unimportant for segregation of A-and B-type receptors. This is an important result; it suggests that protein interactions do not always accurately predict mechanisms by which receptors are anchored.
The mechanism by which B-type receptors are anchored is not yet known. Recent work (Chen and Featherstone, 2005) showed that the Drosophila PSD-95/ synapse-associated protein (SAP) 97/SAP102 homolog discs large (DLG) is required for stabilization of embryonic B-type receptors but not A-type receptors. However, the mechanism by which DLG functions is unclear because yeast two-hybrid experiments suggest no interaction between DLG and GluRIIA, Glu-RIIB, or GluRIIC (S. J. Sigrist, unpublished observations; U. Thomas, personal communication; as discussed by Chen and Featherstone, 2005) . Figure 4 , GluRIIA immunoreactivity (red) normally appears as puncta opposite presynaptic terminals (green). In control NMJs, this immunoreactivity is reduced after treatment with latrunculin A. Specifically, A-type receptor cluster sizes get smaller, and the number of clusters is reduced. B, Quantification of GluRIIA cluster size in control NMJs, showing that average GluRIIA cluster size is reduced to approximately one-half normal after treatment with latrunculin A. C, Cumulative frequency histogram of GluRIIA cluster sizes in control NMJs, with and without latrunculin A treatment. D, As shown in Figure 4 , GluRIIA immunoreactivity is reduced in coracle mutants. This immunoreactivity is not affected by treatment with latrunculin A. E, Quantification of GluRIIA cluster size in cora[k08713] mutant NMJs, showing no effect of latrunculin A. F, Cumulative frequency histogram of GluRIIA cluster sizes in coracle mutant NMJs, with and without latrunculin A treatment. G, As in Figure 4 , GluRIIB immunoreactivity (red) normally appears as puncta opposite presynaptic terminals (green). GluRIIB immunoreactivity is not reduced by treatment with latrunculin A. H, Quantification of GluRIIB cluster size in control NMJs, with and without treatment by latrunculin A, showing that latrunculin A has no effect on GluRIIB cluster size. I, Cumulative frequency histogram of GluRIIB cluster sizes in control NMJs that were (control plus latrunculin A) or were not (control) treated with latrunculin A. J, GluRIIB immunoreactivity is not reduced in coracle mutants compared with controls, and GluRIIB immunoreactivity in coracle mutants is not altered by treatment with latrunculin A. K, Quantification of GluRIIB cluster size in coracle mutants showing no effect of latrunculin A. L, Cumulative frequency histogram of GluRIIB cluster sizes in coracle mutants, with and without latrunculin A treatment.
We emphasize that there is still no answer to the following question: What localizes glutamate receptor proteins in Drosophila? Drosophila NMJ glutamate receptors are clustered in small subsections of the postsynaptic membrane opposite presynaptic active zones. Both coracle and actin, conversely, are broadly distributed postsynaptically. Neither coracle nor actin is restricted to PSDs containing A-type receptors. Similarly, DLG is associated with a large area of the postsynaptic membrane rather than exclusively localized to B-type receptor clusters (Chen and Featherstone, 2005) . Thus, data suggest that DLG, coracle, and actin are each necessary, but not sufficient, for glutamate receptor localization. How are receptors localized to discrete regions of the PSD? It is possible that spatially restricted subsets of postsynaptic DLG, coracle, and/or actin protein are functionally modified, and this functional modification might be required for interactions with glutamate receptors. However, what controls the spatial specificity of this functional modification? Ultimately, receptor localization is likely to be controlled by a transynaptic scaffold (such as neuroligin-neurexin) extending from presynaptic active zones to postsynaptic membranes. In the Drosophila NMJ, at least two transynaptic scaffolds would be required: one for localization of A-type receptors and one for localization of B-type receptors. Another parallel transynaptic scaffold might exist for postsynaptic localization of DLG, which clusters in the complete absence of postsynaptic glutamate receptors but not without presynaptic innervation (Chen and Featherstone, 2005) .
In summary, we have shown that coracle interacts directly with Drosophila NMJ glutamate receptors in a subunit-specific manner and that coracle and actin are both required for anchoring of postsynaptic A-type but not B-type glutamate receptors. Our results are the first explanation for how Drosophila glutamate receptors might be anchored, and how A-and B-type receptors might be segregated from each other. Future work will determine how receptors are localized to specific regions of the postsynaptic membrane. 
